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1993．7．12 7．8 Sutsu NS 216
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Figure　6．23　Strength　demand　spectra　of　ground　motions　with　average　and　average＋σ
　　　　　　　　　　damage　pOtential　in　50　years　at　RioDell
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6．5CONCLUSIONS
　　　　The　damage　spectra　of　gro皿d　motions　during　large　aftershocks　of　past　earthquakes　including
the　1983　Coalinga　earthquake，　the　1987　Whittier　Narrows　earthquake　in　California，　and　the　1999
Kocaeli　earthquake　in　Turkey　were　studied．　Based　on　the　three　examples，　it　can　be　concluded　that
the　combination　of　mainshock－aftershock　ground　motions　can　be　more　damaging　to　structures　than
the　ground　motions　f『om　the　mainshock　alolle．　What　is　interesting　to　observe　is　that　structures　that
may　have　experienced　relatively　little　damage　from　the　mainshock　have　a　much　greater　damage
index　followillg　the　aftershock．　For　example，　the　damage　index　from　the　mainshock　in　the　period
range　from　O．2　sec．　to　O．4　sec．　in　the　Whittier　Narrows　earthquake　is　about　O．2，　but　it　increases　to　a
maximum　of　O．5　following　the　aftershock．
　　　　As㎞ulatioll　methodology　fbr　damage　spectra　considering　mainshock－aftershock　earthquake
sequellces　ill　desired　desigll　period　of　a　stmcture　were　presented．　The　simulation　procedure　consists
of　the　following　steps：（1）simulation　of　the　interarrival　time　of　a　mainshock，（2）simulation　of　the
magnitude　of　the　mainshock，（3）calculation　of　the　number　of　af【ershocks　which　belong　to　the
mainshock，（4）simulation　of　the　magriitudes　of　aftershocks，（5）simulation　of　the　epicenters　for　the
mainshock・aftershock　sequence，（6）calculation　of　the　response　spectra　and　the　peak　gro皿d
acceleratlons　at　the　site　fbr　the　sequence，（7）calculation　of　the　duration　times　of　ground
accelerations，（8）calculation　of　the　time　histories　of　ground　accelerations，（9）calculation　of　the
damage　spectra　of　the　ground　motions　fbr　the　sequence．　Finally，　steps（1）to（9）are　repeated　to
obtain　the　average　and　the　deviation　of　the　damage　spectra．
　　　　The　strength　demand　spectrum　with　uniform　damage　level　in　the　lifetime　of　a　stmcture　is
defined　to　be　the　spectrum　of　the　required　yield　strength　ratio　of　ground　motions　with　the　average（or
average＋σ）damage　spectmm　during　the　mainshock－aftershock　earthquake　sequences　so　as　to
satisfy　a　safety　level　with　the　damage　index＝1．0．　The　strengtb　demand　spectrum　is　very　usefUI　fbr
the　design　and　can　rationally　reflect　the　seismic　activities　around　the　site　by　considering
mainshock－aftershock　earthquake　sequences　in　desired　design　period　of　a　structure．
　　　　The　proposed　method　was　applied　to　estimation　of　damage　potential　of　ground　motions
considering　mainshock－aftershock　earthquake　sequences　in　Eureka　and　Rio　Del1，　Califbmia．　The
parameters　for　the　probabilistic　occuπence　model　of　the　mainshock－aftershock　sequences　were
modeled　based　on　earthquake　data　near　Eureka　provided　by　the　United　States　Geological　Survey
（USGS）．　Damage　spectra　of　the　simulated　ground　motions　considering　mainshock・aftershock
earthquake　sequence　at　Eureka　and　Rio　Dell　in　50　years　were　calculated．　Based　on　the　results，　it　is
fbund　that　damage　potential　of　gr皿nd　motions　at　Rio　Dell　is　significantly　higher　than　damage
pOtential　at　Eureka，　and　that　the　effect　of　aftershocks　on　damage　potential　of　ground　motions　is
negligible　in　this　area．　Also，　it　is　fbund　that　strength　demand　spectra　at　Rio　Dell　are　significantly
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higher　those　at　Eureka．　The　required　yield　strength　ratio　O．35　can　be　taken　for　design　of　structures
With　natural　periods　smaller　than　O．6　sec．　at　Eureka　and　O．5　at　Rio　Dell．　The　strength　demand　spectra
obtained　like　this　can　rationaUy　reflect　the　seismic　activities　around　the　site　by　considering
mainshock－aftershock　earthquake　sequences　in　desired　design　period　of　a　stucture．
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CHAPTER　7
CONCLUSIONS
　　　In　this　dissertation，　the　damage　spectmm　of　ground　motion　during　an　earthquake　was　used　to
estimate　the　damage　potential　of　an　earthquake　at　a　site．　The　damage　spectrum　is　defined　as　damage
indioes　of　SDOF　systems　with　natural　period　ranging　O．05　to　5．O　sec．　The　damage　index　D　proposed
by　Park　and　Ang（1985）and　bilinear　load－defbmation　model　are　used　to　calculate　the　damage
spectrum．　D≧1　indicates　total　damage　or　collapse．0＜D＜0．7　indicates　the　slight　damage，　and
O．7＜D＜1．O　indicates　severe　damage（Park　and　Ang，1985）．　Damage　potential　of　recorded　ground
motions　durillg　recent　great　earthquakes　and　earthquake　ground　motions　that　have　been　used　fbr
design　purpose　was　studied．　A　method　of　evaluating　damage　potential　of　gr卯nd　motions　in　large
areas　was　described．　The　damage　potential　of　gro皿d　motions　during　aftershocks　was　studied，　and　a
method　of　evaluating　damage　potential　of　ground　motions　considering　mainshock－aftershock
earthquake　sequences　in　a　design　period　was　proposed．　Then，　a　method　for　evaluating　the　strength
demand　spectra　with皿任om　damage　level　in　the　li允time　of　a　structure　conside亘ng
mainshock－aftershock　earthquake　sequences　is　proposed．　The　proposed　method　is　applied　to
estimation　of　damage　potential　of　ground　motions　and　strength　demand　spectra　in　a　lifetime　of　a
strucmre　considering　mainshock－aftershock　earthquake　sequences　in　Eureka，　Califomia．　Main
conclusions　are　as　fbllows：
（1）Structural　damage　in　Kobe　durillg　the　1995　Hyogoken－Nanbu　earthquake　was　concentrated　in　a
belt　O．7　to　1．2　km　wide　s悟tching丘om　southwest　to　no宜heast　along　the品ot　of　the　Rokko
Mountains．　The　damage　spectrum　of　the　ground　motion　recorded　in　the　heavily　damaged　zone　is　the
largest　of　the　recorded　ground　motions　in　almost　aU　Ilatural　periods．　The　damage　indices　of　the
ground　motion　recorded　in　and　around　the　heavily　damaged　zone　are　larger　than　1．O　at　natural
periods　smaller　than　about　1．O　sec．　However，　the　damage　spectra　of　ground　motions　recorded
outside　of　the　heavny　damaged　zone　are　smaller　than　1．O　fbr　all　natural　periods．
（2）The　damage　spectra　of　the　ground　motions　that　were　simulated　by　Motosaka　and　Nagano（1996）
to　estimate　the　amplification　characteristics　of　ground　motions　in　the　heavily　damaged　zone　in　the
city　of　Kobe　during　the　Hyogoken－Nanmu　earthquake　were　calculated　and　studied．　The　damage
spectra　of　the　simulated　ground　motions　at　ground　surface　points　in　the　heavily　damaged　zone　are
relatively　large．　Among　them，　the　largest　is　the　damage　spectra　of　the　ground　motion　at　a　point
located　between　JR　and　the　Hanshin　Railway　Line．　The　damage　indices　of　the　ground　motions　at　the
point　are　larger　than　1．O　at　natural　periods　smaller　than　about　1．5　sec．　The　intensity　of　the　damage
spectra　of　gro皿d　accelerations　decreases　with　distance　f『om　the　center　of　the　heavily　damaged　zone．
These　results　demonstrate　that　the　damage　spectra　well　coπelate　with　the　structural　damage，　and　that
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